Electrophysiological correlates of visual impairments after traumatic brain injury  by Sarno, S et al.
Vision Research 40 (2000) 3029–3038
Electrophysiological correlates of visual impairments after
traumatic brain injury
S. Sarno a,*, L.-P. Erasmus b, G. Lippert a, M. Frey a, B. Lipp a, W. Schlaegel a
a Therapiezentrum Burgau, Dr. Friedl-Str. 1, D-89331 Burgau, Germany
b Marianne-Strauss-Klinik, D-82335 Berg-Kempfenhausen, Germany
Received 3 September 1999; received in revised form 1 March 2000
Abstract
Our aims were to investigate: (i) the VEP correlates of functional visual impairments following traumatic brain injury (TBI),
in particular of the reduced spatial form perception; and (ii) the VEP correlates of visual sustained arousal in TBI patients. We
used two approaches: (i) the analysis of latency and amplitude of the peaks; and (ii) the study of the correlations among the
latencies of the peaks as a label of temporal synchronization. Thirty-five severe TBI outcome inpatients and 35 matching controls
were studied. Pattern-reversal VEPs were recorded at Oz–Fz and Cz–A1, first without counting, then with counting of the
reversals. Seven peaks of the waveform at Oz and eight peaks at Cz were measured. We found several differences in amplitude
and latency between patients and controls, and between nocount:count. The temporal binding of the peaks within each channel
and between the two channels was calculated by correlation matrices, and tested by factor analysis. Results indicated that the
synchronization of the peaks within each channel did not differ between patients and controls. The temporal covariation between
peaks occurring at Oz and Cz, however, was highly significantly altered in patients. This suggests that visual impairments in TBI
patients may be due to a deranged synchronization of the activity of different brain regions. © 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction
Traumatic brain injury (TBI) patients frequently ex-
hibit various forms of visual perceptual dysfunction
(Pratt-Johnson, 1973; Tierney, 1988; Aksionoff & Falk,
1992) and visual attentional deficits (Whyte, Fleming,
Polansky, Cavallucci & Coslett, 1998; Daffner, Mesu-
lam, Holcomb, Calvo, Acar, Chabrerie et al., 2000).
The electrophysiological correlates of these impair-
ments are rather poorly investigated. Some authors
described a larger variability of the amplitude of the
P100 in brain injured subjects (Zihl & Schmid, 1989;
Alter, John & Ranohoff, 1990; Padula, Argyris & Ray,
1994). Severe TBI patients 6–24 months after trauma
may still demonstrate VEP waveforms abnormalities
(Gupta, Verma, Giudice & Kooi, 1986), and similar
findings came more recently also from studies on mild
TBI (Cremona-Meteyard & Geffen, 1994; Freed &
Fishmann Hellerstein, 1997). In particular, little is
known about the relationship between evoked poten-
tials and the patients’ visual functional abilities. In our
clinical routine in the care and rehabilitation of brain
injured patients, we realized that it is very difficult to
associate a particular visual impairment with a clear,
reproducible abnormality of one or more VEP compo-
nents, not mentioning the problem of the intraindivid-
ual and interindividual stability of eventual
electrophysiological alterations. This experience led us
to search for a different approach. In the present study
we tried to investigate not only the amplitude and
latency of the single, isolated components, but also
their temporal binding. The rationale for this approach
is provided by the wide body of research traced back to
Hebb (1949), who suggested that representation should
be instantiated by assemblies, i.e. by distributed popula-
tions of cooperatively interacting neurons which, as a
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whole, signal the presence of a particular object. For an
extensive review see Singer and Gray (1995) and Engel,
Roelfsema, Fries, Brecht and Singer (1997). Indeed,
animal experiments have shown in the recent past that
neural synchronization might be functionally relevant
and related to visual perception. Ko¨nig, Engel, Lo¨wel
and Singer (1993) demonstrated for the first time that
divergent strabismus is accompanied by a loss of syn-
chronization between neurons which receive information
from different eyes. A correlation study of Roelfsema,
Ko¨nig, Engel, Sireteanu and Singer (1994) showed that
in cats with strabismic amblyopia as a consequence of
convergent squint, perceptual deficits may be due to a
disturbance of intracortical interactions. Recent studies
on humans confirm these findings. Rodriguez, George,
Lachaux, Martinerie, Renault and Varela (1999) asked
healthy subjects to inspect ‘Mooney’ faces, which are
easily categorized as faces when presented in upright
orientation, but usually seen as meaningless black and
white shapes when presented upside-down. They found
that scrutinizing the pictures was associated with in-
creased EEG activity in the gamma frequency range over
cortical regions known to be involved in visual process-
ing. But phase-locking of these oscillations across cortical
areas occurred only when the subjects identified a face.
We hypothesized therefore that a main cause of the
functional visual disabilities and visual attentional
deficits in TBI patients without specific lesions in the
visual pathways may consist in a disrupted synchrony of
the activities in different regions of the cortex. We also
expected an altered synchronization during visual tasks
requiring sustained arousal. Because of the limits of our
technical equipment, which did not allow to store the raw
data, but automatically processed the signal averaging,
we could not directly investigate any eventual oscillatory
activity subtending the evoked potentials. On the other
hand, it may be assumed that such an oscillatory activity
modulates the evoked potentials. Since we recorded the
VEPs at different scalp sites, we can investigate the
postulated synchronizaton indirectly, computing peak
correlograms. Such correlograms will tell us whether the
peaks observed in the waveforms recorded at different
sites are temporally randomly distributed or systemati-
cally connected. Covarying latencies may be interpreted
as a marker of synchronized activity, and differences in
this covariation between patients and controls as an
altered synchronization of activity in different brain
regions as a consequence of TBI.
2. Methods and materials
2.1. Subjects
Thirty-five inpatients in long-term (post-acute-care)
rehabilitation in our clinic, 24 males and 11 females, age
36.5915.3, range 17–67 years, and 35 sex and age
matching healthy volunteers from hospital staff and their
families took part in this study after giving their informed
consent. Subjects with histories of substance abuse, a
prior history of traumatic brain injury resulting in
loss of consciousness, prior central nervous system
pathology or major mental illness were not included in
the study.
All patients had sustained a severe to very severe
traumatic brain injury (initial Glasgow Coma Scale58).
The injury in the majority of patients was caused by
motor vehicle accidents, with a minority occurring in
falls. Most of the patients had also suffered from
secondary brain injury (intracranial haematomata, sub-
arachnoidal haemorrhage, brain swelling, raised in-
tracranial pressure), and 17 had needed surgery. Cranial
computer tomography showed that 14 patients had their
main lesions in the left brain hemisphere, 11 in the right
hemisphere, and nine patients in both hemispheres.
Twenty-three of the 35 patients suffered from frontal
damages. Mean time elapsed from the event was 1879
187 days: 31 were tested within 12 months of injury, four
within 12–24 months. Mean FIM (Functional Indepen-
dence Measure, Keith, Granger, Hamilton & Sherwin,
1987) score was 97921 points. Six patients were taking
psychoactive medications (other than carbamazepine) at
the time of the experiment.
Patients who were entered in the study did not report
any severe visual symptomatology such as diplopia,
visual fluctuation, spatial distortion, or photo-
phobia. The majority, however, complained of re-
curring asthenopia, and experienced visually-demanding
tasks as very fatiguing. Neither uni-ocular patients nor
patients with other unrelated ocular pathology or
other unrelated systemic pathology were entered in the
study.
2.2. Apparatus
The VEP stimulus was a black-and-white checker-
board displayed on a computer monitor (40 cd:m2
luminance, 98% contrast). The monitor was a
standard 810 in. set, subtending a visual angle of
11.6°14.5° at 100 cm. Each check sustained 50% of
visual field and was modulated at 1 Hz counterphase.
VEPs were recorded in two channels: Oz (active), Fz
(reference), right mastoide (ground); Cz (active), left
mastoid (reference), right mastoid (ground). Raw data
was filtered by a 5 Hz passive RC highpass and a 100
Hz Bessel-type low-pass. Analysis time was 500 ms; 100
sweeps were averaged on the computer (Toennies Multi-
liner).
2.3. Experiment
All subjects were allowed to use their regular correc-
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tive spectacles during the test. Before recording VEPs,
we measured spatial form perception binoculary at
three contrast levels: 100, 15 and 4%. Test stimuli were
three charts similar to Regan charts (Regan & Neima,
1983).
VEPs were recorded in binocular conditions. Subjects
seated at 1 m from the screen. The fixation point on the
screen was a black dot of 0.2° diameter. Mesopic
ambient light conditions were maintained during testing
time.
Two runs each of 100 pattern reversals were carried
out. In the first run the subject was instructed to keep
his eyes onto the fixation point and to relax; in the
second run carried out to study the effects of enhanced
alertness on VEP, the subject was instructed to keep his
eyes on the fixation point as before and mentally count
the reversals.
2.4. Data analysis
Two traces were obtained for each stimulating pat-
tern, and latencies and amplitudes of different waves
were measured setting the cursor on the screen
manually. Peaks were identified by two of the authors,
not the one who recorded the VEP, in a blinded
fashion.
Our goal was not only to investigate differences or
changes in the most widely observed components,
namely the N75, P100, and N135, but also to under-
stand the differences between patients and controls
along the whole VEP-waveform, and the modulation of
the whole time epoch by attention. Thus, we considered
all the stable and reliable components of both channels,
i.e. all deflections which regularly appeared in nearly all
subjects at given time intervals.
Therefore, in the Oz channel seven components were
studied: first negative deflection N1 (around 70 ms),
major positive deflection P2 (around 100 ms), second
negative deflection N2 (around 150 ms), second positive
deflection P3 (around 200 ms), third negative deflection
N3 (around 240 ms), third positive deflection P4
(around 300 ms), fourth negative deflection N4 (around
360 ms), (Fig. 1, top).
In the Cz channel we examined eight components:
first positive deflection P1 (around 80 ms), first negative
deflection N1 (around 100 ms), second positive deflec-
tion P2 (around 140 ms), second negative deflection N2
(around 170 ms), third positive deflection P3 (around
220 ms), third negative deflection N3 (around 280 ms),
fourth positive deflection P4 (around 340 ms) and
fourth negative deflection N4 (around 390 ms), (Fig. 1,
bottom).
For each component we regarded both latency and
amplitude (difference of potential relative to the previ-
ous component; for the last component N4 also the
difference of potential relative to the next minimum or
to the end of the epoch was considered).
2.5. Statistics
Differences in mean latencies and amplitudes of the
single peaks between patients and controls were tested
nonparametrically by Mann–Whitney U-Test. The ef-
fects of attention within each group were tested by a
paired t-test. As our aim was to investigate the electro-
physiological activity evoked by visual stimuli in a
mainly phenomenological way, the significance values
of these statistical tests do not include corrections for
multiple comparisons.
In order to study the internal consistency of the
waveforms recorded at each site we calculated the
correlations among the latencies of the peaks
recorded within each channel. We also calculated the
correlation between the deflections recorded at Oz and
at Cz sites and considered it as an index of synchroniza-
ton:desynchronization of the total electrical activity.
Then, we reduced the complexity of the correlation
matrix by principal components analysis (PCA), and
estimated the factor scores of each subject by a regres-
sion within the PCA algorithm. Finally, we tested dif-
ferences in the factor scores between patients and
controls by Mann–Whitney U-Tests. As these differ-
ences are the base of our data interpretation, we cor-
rected the significance levels according to Bonferoni.
All statistics were performed by SPSS® 7.5 for Win-
dows®.
3. Results
The attempt to build clusters among the patients
group according to the location of the main lesions, the
Fig. 1. Sample of potentials evoked by 50% checkerboard pattern-re-
versal in a healthy subject; recording at Oz versus Fz (top trace), and
at Cz versus A1 (bottom trace).
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Table 1
Mean VEP latencies (ms) in healthy controls and patients, and in count and nocount conditiona
PeakSite Controls Patients Sign. of differ.
Nocount Count Nocount Count S1 S2 S3 S4
79.295.9 77.895.5 86.9912.6 84.4910.7Oz N1   
P2 106.696.2 105.996.4 114.7912.1 115.499.3    
146.0915.5 146.9915.2 152.7920.2 151.1919.2    N2
195.2931.4 192.7930.4 198.5923.0 196.7928.9P3    
243.7944.2 243.2943.5 249.6937.5 251.8943.5 N3   
298952.2 291.9950.2 298.1959.1 303.8958.9P4    
N4 361.5947.5 355.2950.9 367.7956.0 367.2955.7    
86.098.1 84.298.7 90.1912.1 87.1911.9P1 Cz   
N1 107.3910.6 105.399.2 112.5911.0 110.9913.8    
P2 137.0923.6 137.7923.1 136.9916.8 135.2918.9    
164.3938.8 167.6948.4 163.7922.7 165.4930.3N2    
P3 215.7955.0 213.7954.7 203.1928.1 206.4937.4    
284.0951.5 283.3948.8 261.6939.2 280.6949.0    N3
341.9955.6 355.0954.0 312.2945.7 330.7956.2P4    
391.7948.7 388.6951.4 373.4945.2 384.2955.1N4    
a Differences between controls and patients were tested by Mann–Whitney U-test, differences between count and nocount by paired t-test. S1,
count:nocount in controls; S2, count:nocount in patients; S3, patients:controls in nocount; S4, patients:controls in count.
taken medication, the FIM score, or the time elapsed
from the accident, did not give statistically significant
results because the number of patients was too small to
build subgroups. The present results, therefore, refer
only to the whole patients group.
3.1. Psychophysical data (6isual acuity)
Mean binocular visual acuity at 100% contrast was
2493:20 in controls, 1798:20 in patients; at 15%
contrast, 2294:20 in controls and 1597:20 in pa-
tients; at 4% contrast, 1895:20 in controls and 1296:
20 in patients. Patients showed a significantly reduced
spatial form perception at all contrast levels (PB
0.0001). The difference between patients and controls,
however, did not increase with decreasing contrast.
3.2. Beha6ioral data (counting accuracy)
In the control group all subjects reported the correct
number of occurred reversals. In the patients group
three subjects reported a smaller number of reversals
(between 70 and 80), all other patients counted cor-
rectly. The difference between patients and controls in
the behavioral performance was not significant (x2
3.09, P0.078).
3.3. E6oked potentials
3.3.1. Components at Oz and at Cz and their latency
relationship
At Oz electrode site all components were observed in
every subject and condition, at Cz site the N4 compo-
nent was missing in two controls and three patients.
N1, P1, and N2 showed at Cz an inverse polarity, the
remaining components had the same polarity at Oz and
Cz electrode sites. Mean latencies and amplitudes are
shown in Tables 1 and 2, respectively.
The early Cz components showing an inverse polarity
might be thought to be an electrical mirroring gener-
ated by the same dipole activated at Oz. The latency
differences between the peaks recorded at Oz and the
peaks recorded at Cz indicated, however, a strong
dissociation between Oz and Cz. Furthermore, the dif-
ferences significantly differed between patients and con-
trols (PB0.0001), and within each group slightly
differed between nocount and count condition.
In nocount condition the N1 (around 80 ms, negative
at Oz — positive at Cz) peaked 6.897.6 ms later at Cz
than at Oz in controls (PB0.0001), 3.23910.6 ms in
patients (PB0.0718); in count condition the N1 peaked
6.498.7 ms later at Cz in controls (PB0.0001), 2.79
11.0 ms in patients (PB0.1556). The P2 (around 100
ms, positive at Oz — negative at Cz) peaked in no-
count condition 0.7910.6 ms later at Cz in controls
(PB0.7040), 2.3910.1 ms earlier at Cz in patients
(PB0.1862); in Count condition 0.597.8 ms earlier at
Cz in controls (PB0.6892); 4.5911.3 ms earlier in
patients (PB 0.0177). The difference between the peaks
of the N2 (around 150 ms, negative at Oz-positive at
Cz) was even greater: in nocount condition the N2
peaked 9.1925.7 ms earlier at Cz in controls (PB
0.0375), 15.7917.8 ms earlier in patients (PB0.0001);
in count condition 9.2925.3 ms earlier at Cz in con-
trols (PB0.0315), 15.9919.4 ms earlier in patients
(PB0.0001).
In summary, the latency difference between the N1
recorded at Oz and the N1 recorded at Cz was larger in
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controls, whereas the latency differences of the P2 and
the N2 were larger in patients.
3.3.2. Differences in amplitude and latency between
controls and patients
The main differences between patients and controls
were more evident at Oz, much less at Cz electrode site.
At Oz site all latencies were generally prolonged in
the patients, especially the N1 (PB0.002 in nocount,
PB0.003 in count condition) and the P2 (PB0.0002 in
nocount, PB0.0001 in count condition) components.
The amplitude of the early components N1 (PB0.03)
and P2 (PB0.001) in nocount condition, and the am-
plitude of the P2 (PB0.001) and N2 (PB0.01) compo-
nents in count condition were significantly smaller in
patients than in controls. The amplitude of the P3, N3,
and P4 components was similar in patients and con-
trols. The amplitude of the late component N4 was
significantly larger in the patients (PB0.01 in nocount,
PB0.0001 in count condition).
At Cz site the latency of the P1 component was
significantly prolonged in the patients (PB0.02 in no-
count, PB0.03 in count condition). The latency of all
other components, on the contrary, tended to be
shorter in the patients. Only the difference of the P4
latency, however, reached statistical significance (PB
0.02). The amplitude of all components occurring
within the first 300 ms was larger in the controls; the
difference in the amplitude of the N3 in count condi-
tion was statistically significant (PB0.007). The ampli-
tude of the late components P4 and N4 did not differ
between patients and controls.
Significance of differences between controls and pa-
tients is shown in Table 2.
3.3.3. Differences between count and nocount condition
The only significant difference in the latencies do-
main appeared in the N1 at Oz, which was shorter in
count condition. The difference was indeed very small,
around 2 ms, but very consistent in the control group
(PB0.001). In the patients group it did not reach the
significance level because of the larger variability. The
amplitude of the N2 and P3 components at Oz were
significantly larger in count condition: PB0.001 and
PB0.003, respectively in the control group, PB0.05
and PB0.04 respectively in the patients group. The
amplitude of the P2 component in Cz was significantly
larger in count condition in controls, but not in
patients.
3.3.4. Correlations of latencies at Oz and Cz site
To investigate the synchronization of the peaks
recorded at different location we calculated the correla-
tion coefficients between the latencies of peaks recorded
at Oz and Cz. To estimate the correlations among the
peaks of each waveform we additionally calculated the
coefficients of within-correlations at each electrode site.
In controls, 97 of 308 coefficients (31.5%) were sig-
nificantly positive (PB0.01), none was significantly
negative. In patients, the number of positive correla-
tions was higher (59.1%) and, as in controls, none was
significantly negative.
To get an overview on the large number of coeffi-
cients, we used different colours to encode the values in
Table 2
Mean VEP amplitudes (mV) in healthy controls and patients, and in count and nocount conditiona
PeakSite Controls Patients Sign. of differ.
NocountCountNocount S3 S4S2S1Count
N1 5.392.6 5.192.7 4.092.6Oz 4.192.7   
8.694.78.694.512.395.111.994.8P2 
N2 11.894.8 13.395.3 9.995.4 10.595.5  
  6.594.0P3 7.594.8 6.994.3 7.694.0 
  4.493.1N3 4.593.3 4.792.7 4.892.3 
4.692.04.592.14.492.34.492.5P4
  3.791.7N4 3.691.9 4.792.2 5.092.2 
N4 3.291.4 3.191.3 4.492.0 4.991.9    
2.391.2Cz 2.391.52.291.32.491.7P1
N1 4.092.2 3.891.8 3.791.7 3.591.9    
  P2 4.092.3 4.792.3 3.892.4 3.992.5 
N2 3.392.3 3.192.3 2.791.5 2.991.6    
P3 5.192.1 4.892.0 4.192.0 3.892.1    
6.092.45.792.6N3 4.691.74.792.0
P4 3.791.5 3.791.43.591.73.491.4
3.291.2 3.291.3 3.491.5 3.691.2   N4 
N4* 3.191.1 2.990.8 3.391.5 3.191.0    
a Differences between controls and patients were tested by Mann–Whitney U-test, differences between count and nocount by paired t-test. S1,
count:nocount in controls; S2, count:nocount in patients; S3, patients:controls in nocount; S4, patients:controls in count.
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Fig. 2. Graphical representation of the correlation matrices Oz versus Oz (left), Cz versus Cz (middle) and Oz versus Cz (right) in the nocount
(top) and count (bottom) condition. High correlation coefficients are represented by warm, low coefficients by cold colors. Controls showed a clear
separation between early and late components (best in Oz vs. Oz), while correlation coefficients were diffusely increased in patients. This made
it necessary to perform a factor analysis to disentangle the components.
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Fig. 3. PCA results. In nocount as well as in count condition we
found four latency factors, one containing peaks at Oz only (Factor
1), two containing peaks at Cz only (Factors 3 and 4). Factor 2
contained the peaks N1 and P2 at Oz covarying in latency with P1
and N1 at Cz.
3.3.6. Correlations of latencies between Oz and Cz
channels
In the control group there was very little correla-
tion among the peak latencies. A significant correla-
tion was found only between the N1–Oz and the
P1–Cz components in nocount condition (r0.48),
and between the P3–Oz and the N1–Cz components
in Count condition (r0.55).
In the patients group the correlation coefficients
were generally higher than in the control group, and
there were two clusters of high correlations: (i)
a N1–P2 complex at the Oz site, which correlates
significantly with almost all Cz components, especially
with N1, P1 and N2; (ii) a N3–N4 complex at Oz
site, which correlates with the late Cz components
P3, N3, P4 and N4, especially in the nocount condi-
tion.
3.3.7. Results of principal components analysis
The seven latencies of Oz components and eight
latencies of Cz components were not independent, but
clustered into a small number of factors, which could
be isolated by means of the principal components
analysis (PCA). Performing PCA with all subjects
pooled, once for the count and once for the nocount
condition, we found four independent factors, which
were identical for both conditions (Fig. 3).
Factor 1 was restricted to the N2, P3, N3, P4 and
N4 components at Oz. Factor 2 included N1 and P2
at Oz, and P1 and N1 at Cz. Factor 3 and Factor 4
were limited to the Cz site. Factor 3 loaded highly on
the P2, N2, P3 and N3 components, Factor 4 on the
N3, P4 and N4 components.
Factor scores for each subject and each factor were
calculated. Mean values and group differences be-
tween patients and controls are shown in Fig. 4. We
found no differences between groups in the factor
scores of Factors 1 and 3, neither in the count nor in
the nocount condition. On the contrary, patients
showed highly significant increased scores in Factor 2
under both conditions.
Thus, there was no difference between patients and
controls in the two factors which represent compo-
nents at Oz only, or components at Cz only, respec-
tively. On the contrary, the factor which represents
components in both channels was delayed. Using
Bonferoni’s correction for four simultaneous tests, the
significance level for this difference is at least PB
0.01.
A possible difference between the count and the
nocount condition was found in Factor 4. Patients
tended to a shorter latency only in the nocount con-
dition (P0.035).
Fig. 2, from violet (0.1 or smaller) to red (0.95 or
larger). The left part of the figure shows correlation
coefficients of different peaks at Oz, the middle part
at Cz, and the right part contains the Oz:Cz correla-
tions. Correlations under the nocount conditions are
shown in the upper part of the figure, under the
count conditions in the lower part.
3.3.5. Correlations of latencies within Oz and Cz
channels
In the control group the early components N1 and
P2 in the Oz channel, and P1 and N1 in the Cz
channel correlated with each other, but not with the
following components, which correlated among them.
No substantial differences in the correlation matrix
were observed between count and nocount conditions.
In the patients group the correlation coefficients
were generally higher than in the control group. The
correlation matrices, moreover, were not as clearly
structured as in the control group, and the clusters of
high correlation were not segregated. Of course, co-
efficients increase with decreasing differences in la-
tency, but unlike in the controls, N1 and P2 at Oz
correlate with all following Oz components. P1 and
N1 at Cz show a similar diffuse correlation with all
following Cz components.
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4. Discussion
Goals of our study were to investigate: (i) the electro-
physiological correlates of functional visual impair-
ments following TBI, in particular of the reduced
spatial form perception; and (ii) the electrophysiological
correlates of visual sustained arousal in TBI patients.
We used two approaches: (i) the classical analysis of
latency and amplitude of the single, isolated compo-
nents of the VEP; and (ii) the study of the correlations
among the latencies of the recorded peaks as a label of
temporal synchronization.
First we shall be discussing the results obtained by
the two approaches separately, then we shall be com-
paring the efficiency of the two methods in answering
our questions.
The TBI patients entered in this study showed a
reduced spatial form perception in comparison to the
healthy subjects as detected by the Regan charts, but no
loss of contrast sensitivity as it happens in visual path-
way disorders, e.g. in multiple sclerosis (Regan, Silver
& Murray, 1977), diabetic retinopathy, glaucoma and
Parkinson’s disease (Regan & Neima, 1984). Thus, the
loss of visual acuity cannot be explained by reduced
signal conductance or impairments of the visual path-
ways, as these impairments are known to result in a loss
of contrast sensitivity that we did not find in our
patients.
4.1. The single components
The main differences between patients and controls
in the latency and amplitude of the peaks were ob-
served at Oz electrode site. Here, the latencies of N1
and P2 were significantly prolonged, and their ampli-
tudes reduced in the patients. The further five peaks
that we measured (N2, P3, N3, P4, and N4), were not
delayed and tended to be larger in the patients group.
This amplitude difference was even statistically signifi-
cant for the late component N4. These results, however,
should be taken with precaution. The reduction of
amplitude and the increase of latency of the earlier VEP
components in the patients were statistically highly
significant in the well-matched comparison with the
healthy controls, but seems to us too small in amount
to support a neurological interpretation, i.e. an impair-
ment of the optic nerve or the primary visual cortex.
We found a mean P2 latency of 115 ms, which is at the
upper limit of the normal range and cannot fully ex-
plain the reduced form perception of the patients, espe-
cially if regarded together with the mean amplitude of
10 mV, which can be considered as normal. Moreover,
no correlation was found between visual performance
and latency or amplitude of the N1, P2, and N2
components.
The late components tended to be larger in patients.
This may be due to the higher concentration level that
the patients had to hold during the VEPs recording in
comparison to the controls. For the healthy subjects it
was no demanding task to keep their eyes on the screen
and to look at the checkerboard reversals, and to count
the reversal was no strain. For the patients, on the
contrary, it was an a higher attention-demanding task.
In patients, the amplitude of the later components
increased further under count conditions, which addi-
tionally supports this hypothesis. This suggests that the
amplitude of the later components, especially the N4
(around 360 ms) is particularly sensitive to the general
level of arousal.
Patients did not significantly differ from controls in
their behavioral performance, all but three patients
were able to sustain their attention and count the
correct number of pattern reversals, and also the three
patients who failed to report the precise number of
reversal were able at least to approximate it closely.
The electrophysiological correlates of this performance
are similar in the two groups even though the signifi-
cance level of the differences between nocount:count is
lower in the patients group because of the higher
variability. The electrophysiological marker of the en-
hanced attention in count condition consisted in a
shorter latency of the N1 and an increased amplitude of
Fig. 4. Mean factor scores of latencies for nocount (top) and count
(bottom), which represent weighted means of latencies for each group
of peaks. Patients did not differ in Factor 1 (at Oz only) and Factor
3 (at Cz only). The difference in Factor 4 (at Cz only) is not
significant, while Factor 2 contains early peaks at Oz and Cz which
covary within the groups and are definitely delayed in patients.
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the N2 component. This is only in part consistent with
prior findings. Old experiments with paradigms com-
parable to ours, in which the same stimulus was deliv-
ered under conditions with different instructions, only
manipulating the state of alertness, showed that the
amplitudes of P2 and N2 were usually enhanced with
increasing arousal or vigilance in man, whereas no
change in the N1 was found (Garcı´a-Austt, Bogacz &
Vanzulli, 1964; Ciga´nek, 1967; Spong & Lindsley, 1968;
Eason, Harter & White, 1969). In none of these studies,
however, a checkerboard stimulation was used. Later
research on spatial selective attention produced results
which do not essentially differ from the former studies
about general arousal: enhanced P2 and N2 compo-
nents for stimuli presented at the attended location
without any changes in their latencies, polarities or
waveshapes (Eason, 1981; Downing, 1988; Luck, Hill-
yard, Mouloua, Woldorff, Clark & Hawkins, 1994;
Clark & Hillyard, 1996). In our study we found at Oz
in Count condition a significant enhancement of the
N2, but not of the P2, while the N1 at Cz was slightly
but significantly larger; moreover, we found a minimal,
but highly consistent shorter N1 latency.
4.2. Correlation analysis
The latency relationship between peaks at Oz and at
Cz convinced us that each channel reflects the activity
of different dipoles. In the control group P1–Cz peaked
significantly later than N1–Oz. This delay was smaller
and not significant in the patients group. The latency of
P2–Oz did not significantly differ from the latency of
N1–Cz in the control group, but in the patients it was
significantly shorter in the count condition. These re-
sults cannot be explained by the assumption that the
visual evoked potential recorded at Cz are a mirroring
of the potentials recorded at Oz. Mirroring cannot
account for differences between patients and controls,
and should be not influenced by counting. Further-
more, it seems not plausible also because of other
reasons. As said before, the neural generators of the
three components N1–P2–N3 have all been identified
in the striate and extrastriate cortex, neuroanatomically
not far away from each other. The latency difference
between Oz and Cz is, however, not constant for the
three peaks, as it should be if the potentials in Cz were
only an electrical mirroring of Oz. The pattern of
results obtained seems to suggest that the peaks
recorded at Cz reflect the activity of independent neural
generators located in other cortical or subcortical areas.
Considering that the research of the past fifteen years
has pointed out the role of other cortical regions in
visual processing, such as the temporal lobe (Celesia,
1985; Stainman, 1998), the inferior parietal and the
frontal lobe (Nakamura & Mishkin, 1986; Husain &
Kennard, 1996), the parietal and prefrontal cortices
(Lumer, Friston & Rees, 1998), we can well assume that
the activity recorded in Cz reflects contributions from
these areas. Lumer has recently further emphasized the
role of the temporal interaction among the early extras-
triate visual cortex, the dorsal and ventral visual path-
ways, and the lateral frontal cortex (Lumer & Rees,
1999).
The computed correlograms were indeed different in
patients and controls, and showed a different structure.
PCA, which grouped the correlations into statistically
independent factors, identified one factor including
peaks at Oz only and two factors with peaks at Cz only
which were not delayed in the patients. On the con-
trary, a fourth factor containing latencies of peaks at
both sites was delayed. Furthermore, this delayed fac-
tor contained components (N1 and P2 at Oz, P1 and
N1 at Cz) which peak earlier than the components
expressed by the non-delayed factors (N2 and following
ones at Oz, and P2 and following ones at Cz). Thus,
late activities at Oz and at Cz are independent from
each other and from the early activity, which is highly
correlated between Oz and Cz. In the healthy subjects
we found the highest correlation of this common factor
of Oz and Cz between N1–Oz and P1–Cz (r0.49) in
the nocount condition, while it shifted to later peaks
(P2–Oz and N1–Cz, r0.55) when normals were
counting. Patients did not show such a large difference
between the count and the nocount condition, and
correlation coefficients between latencies were higher in
the patients than in the controls.
5. Conclusion
Both methods, the traditional study of the single
components and the new approach of the correlation
analysis, show differences between the TBI patients and
the matched healthy controls. The interpretation of
these results is however weakened by technical limita-
tions in the data recording. As already mentioned in the
introduction, our equipment did not allow to store the
raw data, but automatically processed the signal aver-
age. Therefore, we only had access to the average
waveforms. Since we could not record the background
EEG activity, we cannot rigorously exclude its influence
on the evoked potentials (e.g. more artifact in the
recordings from patients than from normals, and hence,
more uncertainty in the extraction of the peaks, and
hence an altered correlation structure). Nevertheless, we
have suggestive evidence that the influence of the back-
ground EEG cannot explain the differences between
patients and control group. We successfully reproduced
the structure (Fig. 3) and the mean latencies (Fig. 4) of
the calculated factors. If the latencies of the peaks in
the average waveforms were significantly altered by
asynchronous background activity, we had not repro-
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duced the waveforms, the structure and the mean laten-
cies of the factors under different conditions. On the
basis of our findings we think that visual impairments
in TBI patients can be better explained by a disturbed
interaction of different centers of the brain which are
part of a distributed cortical and subcortical network
for visual processing. The analysis of the single compo-
nents seems not fully to account for the functional
impairments.
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